ILLUSTRATIONS
indicates that at this time the factor which has restricted the scope of experimental studies of rarefied flows has been the limited capability of the existing low-density wind tunnels. In order to cover the range of flow conditions from near-inviscid flow through the transition-flow regimes to near-free-molecule flow for a sphere in hypersonic flow, a wind tunnel must have a capability for wide variation of unit Reynolds number and/or model size, as well as hypersonic Mach number. The reason for this is that the transition regime for sphere drag covers the Knudsen number range from 0. 01 to 10. At hypersonic Mach numbers the requirement of a large mean free path and a large test region is difficult to meet because of the rapid growth of the nozzle boundary layer and the severe pumping requirements. Most wind tunnels are designed to operate over a limited range of stagnation pressures, say one order of magnitude, so part of the variation in Knudsen number has to be achieved by varying model size. To date, very few experiments with low-density wind tunnels have varied model size by more than one order of magnitude, which means that any one wind tunnel can only produce data for a limited part of the transition-flow regime.
Despite these limitations, most of the data on drag of spheres in rarefied, hypersonic flow have been obtained in wind tunnels, e. g., Ref. 2 . Although aeroballistic ranges would appear to be well suited to this particular measurement, limitations on both the lower pressure level attainable and the ability to accurately measure the drag (deceleration) of a high-speed sphere in a rarefied atmosphere have hindered the application of the aeroballistic range to the study of sphere drag at high Knudsen numbers.
The vacuum system of the Hypervelocity Pilot Range (Armament Test Cell, Hyperballistic (K)) can pump the range tank to a pressure of 0. 001 mm Hg. In fact, the pressure can be held anywhere between 0.001 mm Hg and atmospheric pressure (1 psia = 51.715 mm Hg). This corresponds to a mean free path variation from 2 to 2. 6 x 10"" in. , which, for a 0. 125-in. -diam sphere, corresponds to a Knudsen number range of 32 < Kn ro 5 4. 2 x 10"°. Such a range of operating conditions should adequately cover the flow regimes from continuum to freemolecule flow.
In making measurements of sphere drag coefficient in an aeroballistic range, it is necessary to know the model weight, diameter, velocity, deceleration, range temperature, and range pressure. All of these quantities can be measured with considerable accuracy. It can be shown that
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model deceleration is a function of the product of model diameter and density, together with the range pressure. The lowest pressure at which a measurable deceleration can be produced is determined by the instrumented length of the range and the lowest value of the product of model density and diameter that can be used. In Range K the smallest model that consistently can be detected and photographed is a 0. 125-in. -diam sphere. This minimum model size, the 75 ft of instrumented range length, and the use of conventional model materials, e.g., steel, aluminum, and nylon, limit the lowest usable pressure to approximately 1 mm Hg. A successful technique for manufacturing and launching ultralightweight models, having densities down to 1 lb/ft 3 , has been developed at VKF. This has extended the usable pressure range of Range K to pressures on the order of 0.01 mm Hg, and permits measurements of sphere drag over the Reynolds number range from 3 to 1 x 106. Additional information concerning Range FC is contained in Appendix I.
SECTION 11 SPHERE DRAG MEASUREMENT

METHOD
The longitudinal time-distance relationship of a model in free flight can be defined by a cubic equation in distance, viz, This equation can be fitted to the measured time and distance values by the method of least squares.
The equation of motion of a body in free flight can be written as
Differentiating Eq. (1) and substituting in Eq. (3) gives
For the present work, a program has been written for the IBM 7074 computer, which takes the model position data measured from the shadowgraphs using a Fairchild Film Reader and other relevant model and range data, and produces the model drag coefficient.
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LIGHTWEIGHT MODELS
One of the limitations of the relatively short instrumented length (75 ft) and the few shadowgraph stations is that, in order to obtain a sufficiently accurate measurement of the model deceleration, a velocity drop of at least one percent of the initial velocity over the instrumented length is required. A study of Eq. (3) indicates that deceleration is given by dV/dtap/(p m d) {5) if CD, T, and V are assumed to be constant. Experience in Range K has indicated that a 0. 125-in. -diam nylon sphere will have a velocity drop of one percent over the measured length at a pressure of approximately 1» 5 mm Hg. Equation (5) shows that if the model density could be reduced from 70 lb/ft^ (the density of nylon) to 1 lb/ft , and the drag coefficient remained unchanged, then such a model could be tested at a pressure of approximately 0. 02 mm Hg.
An investigation into the feasibility of manufacturing and launching ultralight spheres (i. e., spheres having densities approaching 1 lb/ft^) has shown that this can be accomplished satisfactorily. Models ranging in size from 0. 125 to 1. 75 in. in diameter have been successfully launched at velocities from 3000 to 16, 000 ft/sec in the pressure range from 0.025 to 1. 0 mm Hg. The material used in the manufacture of these models is a foamed plastic having the trade name Dylite®. These models were formed in an aluminum mold having a good surface finish, which was faithfully reproduced on the molded model. Static tests indicated that there were no measurable model deformations when these models were exposed to a high vacuum.
Some initial difficulties were experienced in launching the lightweight models. Most of these difficulties were found to be attributable to the method of separating the model and sabot. It was found that the pin and angled ramp type of stripper (see Appendix I) was the most satisfactory method of launching these models.
EXPERIMENTAL WORK
Conventional Testing
In this category of model testing the models were made of solid nylon, magnesium, aluminum, or stainless steel. A few firings were made with hollow, stainless steel models. All of this testing was carried out at pressures greater than 1 mm Hg and at velocities within the launcher operating envelope shown in Fig. 1-1 . Some of the data obtained
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in this category of testing were taken in the course of other tests in Range K. This has, in some cases, resulted in the accumulation of many data points at one test condition and has provided a good opportunity to assess the degree of data repeatability.
Lightweight Models
The models used in this phase of testing were all foamed plastic and ranged in diameter from 0. 125 to 0. 437 in. All of this testing was carried out in the pressure range from 0.030 to 1.0 mm Hg for velocities between 3000 and 12,000 ft/sec. To minimize the possibility of range atmosphere contamination, and to avoid the need for lengthy pumping time between firings, the range was kept under a high vacuum for periods as long as one week. A summary of all the launchings made in support of this work is given in Table I .
FLOW PROPERTIES
Free-Stream Density
For the range atmosphere, one may write
or P " = 9.01227 x 1CT 4 ( Pd0 /TJ slugs/ft'
where p,,, and T,, are measured in mm Hg and °K, respectively.
Free-Stream Unit Reynolds Number
Re^/unit length = ^V^,/^ 
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The value of viscosity behind a normal shock wave, H2> is taken from Ref. 4 , where the temperature T2 required to define ^2 * s given in normal shock tables for air {Ref. 5).
SECTION III DISCUSSION OF EXPERIMENTAL RESULTS
SPHERE IN CONTINUUM FLOW
A survey of the published data indicates that, for Reynolds numbers {based on conditions behind a normal shock wave) greater than 10^, the sphere can be considered to be in the continuum, highReynolds-number flow regime, sometimes called the boundary-layer regime. Most of the available data from free-flight facilities (Refs. 6 through 11) are shown plotted in Fig. 1 . Three of these sets of data were obtained with a conventional chronograph in the velocity measuring system {Refs. 6, 7, and 8). In Ref. 9 the projectile velocity and, hence, the model deceleration were measured with a system based on the use of a Fastax® camera. In the case of Ref. 10 , the projectile time-distance information, from which drag coefficients were derived, was produced with a microwave resonant cavity. A ballistic pendulum has been used in the work reported in Ref. 11 for the derivation of sphere drag coefficient data. Three of these sets of data {Refs. 7, 9, and 10) were obtained with sabot-launched spheres, whereas the other three were obtained with bore-sized spheres. There are always problems of model deformation and weight loss when boresize projectiles are used. Hodges (Ref. 6) has minimized the effect of weight loss by using the weight of the recovered projectile in his calculations of drag coefficient. At this time, however, it is not known what effect model deformation has on the drag coefficient. If these factors are ignored and the data derived from these six facilities are given equal merit, it will be seen that, for velocities greater than 6000 ft/sec, the sphere drag coefficient is constant and approximately equal to 0. 92 when Re2 > 10 4 .
Let us consider the pressure drag of a sphere at high velocities, using the modified Newtonian pressure distribution:
Integrating this over the front surface of the sphere, the sphere pressure drag coefficient can be written as
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Using the real-gas relationships derived by Lewis and Burgess (Ref. 5) , this equation has been evaluated at atmospheric pressure and is shown plotted in Fig. 1 . Liu (Ref. 12) has calculated the pressure drag of a sphere using some simplification of the thermodynamic properties of air and his prediction also is shown in Fig. 1 recently have produced some theoretical pressure distributions for the front surface, i. e., the region bounded by the sonic line, of a high-speed sphere for a gas in equilibrium. Such distributions are directly applicable to the above free-flight sphere tests because all of these tests are at a sufficiently high pressure for the flow behind the normal part of the bow shock wave to be in equilibrium. These pressure distributions are compared with the Newtonian distribution in Fig. 2 for a range of velocities and pressures. It can be seen that the Newtonian pressure distribution will always overestimate the sphere pressure drag, and the indications are that, at a fixed ambient pressure, the pressure drag of a sphere will decrease with an increase of velocity. Since these published distributions (Ref. 14) do not extend over the entire front surface of the sphere, it is not possible to estimate the sphere pressure drag coefficient. However, Flügge-Lotz and Davis (Ref. 15) indicate that Lomax has provided them with a complete solution to the surface pressure distribution for a perfect gas (i. e., y = 1.4) for M x = 10.0. An integration of this pressure distribution gives a pressure drag coefficient of 0. 89. Lomax and Inouye (Ref. 14) indicate that the pressure drag of a sphere in real gas will be less than that in a perfect gas. Therefore, it would be reasonable to conclude that the drag of a sphere in free flight at ambient pressures approaching one atmosphere will be close to a value of 0. 89. Inspection of Fig. 2 also reveals that the surface pressure distribution is a weak function of ambient pressure at a fixed velocity, which would indicate that pressure drag coefficient is a weak function of the ambient pressure.
This review of the existing experimental and theoretical values of sphere drag at high speeds shows that there is some discrepancy between experiment and theory. The results of the present series of tests covering the velocity range from 3000 to 21,000 ft/sec are shown in Fig. 3 . Also shown in Fig. 3 are some data obtained in the 1000-ft hypervelocity range (G) (Armament Test Cell, Hyperballistic (G)). The agreement between these results and those obtained in Range K is good.
It can be seen that all of the data presented in this figure have a spread of approximately ±1. 5 percent. The best average curve through these data has been plotted in Fig. 1 , where it is shown that the earlier test results are in agreement with the present results up to velocities of 6000 ft/sec. At the higher velocities, it is evident that the earlier results for Crj are too high. The agreement between the present data and what may be inferred from Lomax and Inouye's pressure distributions is encouraging and does confirm the theoretically predicted trends.
One of the problems associated with the determination of the continuum sphere drag coefficient is that of estimating the limiting Reynolds number above which it is safe to consider the flow to be nearinviscid or, in the present usage, continuum. For the purposes of this discussion, it has been assumed that continuum flow conditions exist for Re2 ? 10. This seems to be a reasonable assumption for the data obtained in the present series of tests. However, it must be remembered that for the present high-speed tests the wall-to-stagnation enthalpy ratio is always small, approximately 0.2 or less. Some results obtained in a wind tunnel where this ratio is on the order of 0. 7 {Ref. 2) and Re2 -10* show a measured value of CD -0« 95, as compared to a measured mean value of 0. 885 in the present series of tests (see Fig. 3 ). The question then arises as to just what is the effect of wall temperature on the drag of a sphere at high Reynolds numbers? There may be another factor here, though, and that is the difficulty of correlating highMach-number, low-total-enthalpy data with high-Mach-number, true-totalenthalpy data. Attention has been drawn to this problem by Dayman (Ref. 16 ) and others.
SPHERE IN THE TRANSITION REGIME
The transition regime between continuum and free-molecule flow has been subdivided into various regimes depending upon the degree of rarefaction. The relevant definitions, based on criteria suggested by Probstein and Kemp (Ref. 17) , in terms of Knudsen numbers for highly cooled, spherical bodies, are as follows: 
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These regimes are shown in Fig. 4 for the model sizes covered in the present tests. This figure and the data contained in Table I indicate that the results of the present tests span the four flow regimes listed above.
It is generally assumed that the drag coefficient of a sphere in the flow regime where deviations from near-inviscid, continuum flow first begin can be considered to be the sum of two components.
where Cr>. is the sphere drag coefficient at an infinite Reynolds number and CD C " is the contribution caused by skin friction, which is itself, according to Davis 
With such an expression, it can readily be seen that, provided A -1, there will be no significant deviations from the continuum drag coefficient for Re2 > 10^. This is one of the justifications for using this Reynolds number as the limit of continuum-flow (inviscid) conditions discussed in the preceding section. Now it has been shown in Ref. 18 and in other reports listed there that, for values of Re2 on the order of 100, the pressure at the stagnation point of a blunt body increases rapidly as the Reynolds number decreases below this value. Furthermore, in Ref. 19 it has been shown that the form of the surface pressure distribution does not change in a measurable manner, at least for Re2 ? 100. From this it can be concluded that the pressure component of drag will scale directly as the increase in stagnation point pressure.. In Ref. 18 it is shown that if shock-thickening effects are neglected the pressure at the stagnation point of a spherical body in hypersonic flow has the form Pj/p 0 -=1-2 vl? / vT*^~ ( 15 > Therefore, Eq. (14) would seem to have the proper form of the initial departure from continuum flow, in regard to both skin friction and pressure drag variations. For an ideal gas (where y = 1.4) at high Mach numbers, « -*0. 167, whereas for a real gas, <r may be less than 0. 167 and is a function of velocity and ambient conditions. Therefore, for a real gas the pressure at the stagnation point at a particular Reynolds number may be less than that for an ideal gas, though the difference is usually small.
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From the foregoing discussion, it is evident that" the Reynolds number used to correlate drag data in this regime is that based on conditions immediately downstream of a Rankine-Hugoniot type of normal shock wave. Sherman et al. (Ref. 20) , in discussing methods of correlating data, consider a Reynolds number based on a freestream density and velocity and a viscosity based on the stagnation temperature of the flow. Such a parameter is useful in test facilities where the stagnation temperature is known accurately. However, for free flight in an aeroballistic range at high ambient pressures and velocities, it becomes difficult to define the stagnation temperature because of a lack of thermodynamic data for these conditions.
The present data and those contained in Refs. 2, 21, and 22 are plotted in Fig. 5 using Re2 as the relevant Reynolds number. In this comparison, only free-flight data are considered in order to eliminate any possible support interference effect upon sphere drag. The assumption made earlier that deviations from continuum flow can be expected when Re2 ^ 10^ is shown to be reasonable, as Equation (16) The data corresponding to M,,, > 12. 5 are shown plotted in Fig. 6 . From these limited data and the results of Ref. 22 Fig. 7 , a comparison of all the available free-flight coldwall data in the speed range 3. 0 < M,,, < 4. 8 is made. These results obtained in several different facilities are in good agreement. The data in Ref. 24 were obtained in a conventional low-density, unheatedflow wind tunnel by cooling the spheres before dropping them into the test section. In the region of Reynolds number overlap, these data agree very well with the present results. In Fig. 8 a comparison of data in the speed range 5 < M«, < 8 is made. From the limited aeroballistic range data at this speed, the variation of drag coefficient with Reynolds number does not appear to be any different from that shown in Fig. 5 for the speed range 8 < M«, < 12. 5. Thus the freeflight drag obtained in the low-density wind tunnel (Ref. 24 ) is larger than that obtained in the range when 5 < M" "i 8. The lower speed data from these two facilities were in good agreement (cf Fig. 7) ; this indicates that the inherent accuracy of the two facilities is comparable, at least at lower Mach numbers. This then seems to imply that there may be more than simple, experimental error involved in the difference between data obtained in an unheated-flow, low-density wind tunnel and the free-flight range for 5 < M,,, < 8. 0 when the data are correlated on the basis of Re2>
To explore the possibility of there being another method of correlating hypersonic sphere drag data, the data contained in Figs. 5 and 8 are plotted against P2V2CI (= p^V^d) in Fig. 9 . The main result of this comparison is that the data of Ref. 24 are in good agreement with the other data when ^2 i s eliminated from the correlating parameter.
The fact that the data from these different facilities now correlate well in terms of p2V"2d implies that a viscosity based on a temperature common to all the tests is the valid one to use in the Reynolds number. For three of the sets of data, the wall temperature is approximately 300°K, whereas the cold wall data of Ref. 24 are for a wall temperature
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of approximately 80°K. Even though there is one exception, it may tentatively be concluded from this that because three of the four sets of results seem to correlate well in terms of p2V*2d when the model wall temperature is approximately constant, then P2^r2 <^^w mav De an equally significant parameter in this work. Such a parameter has previously been considered by Ashkenas (Ref. 25) in correlating lowdensity sphere drag measurements with equilibrium and nonequilibrium wall temperature. For the results considered in Ref. 25 this parameter did not appear to be wholly satisfactory.
SECTION IV CONCLUSIONS
A comparison of the part of the present data obtained at large Reynolds numbers and high velocities with similar data obtained in other facilities indicates that, for velocities greater than 6000 ft/sec, the earlier results indicated a higher value of sphere drag coefficient than do the present results. The present data confirm that the drag coefficient is overestimated several percent by the modified Newtonian theory. In so doing, the present data confirm the validity of the detailed numerical solutions of Lomax and Inouye for both real and ideal gases in equilibrium. Their solutions further indicate that pressure drag is a weak function of velocity, a fact which is confirmed by the small, but measurable, decrease in drag coefficient in the speed range 6000 < V TO < 21, 000 ft/sec in the present data.
The tests carried out in the low Reynolds number range have proved that meaningful sphere drag coefficients can be obtained in a short (75-ft instrumented length) aeroballistic range at pressures on the order of 0.03 mm Hg. Such a capability has been made possible by the successful development of launching and manufacturing techniques for models having densities approaching 1 lb/ft-*. With one exception the sphere drag data from a wide variety of sources correlate well with the present data on the basis of Re2, the Reynolds number based on conditions immediately downstream of a normal shock in an inviscid fluid. It has also been shown that, for the speed range of the present series of tests, deviations from high-Reynolds-number, continuum flow are first noticed at Re2 < 10 4 . 
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APPENDIX I RANGE K
LAUNCHER
All of the models used in this series of tests were sabot launched. Two basic types of sabots were used ( Fig. 1-2 ): (1) aerodynamic type, where aerodynamic forces are used to separate the model and the split sabot; and (2) pusher type, where the model and sabot are separated by mechanical means. The mechanical strippers are two-stage devices, The first stage consists of a series of pins which interfere with the sabot and provide initial separation of model and sabot. The second stage can be an annular lead ring which stops the sabot, or an angled ramp which deflects the sabot onto a catcher plate in the blast tank. Of the two types of mechanical stripping, the angled ramp seems to have been the most successful in providing a clean launch in these tests.
The launcher is a two-stage, light-gas gun consisting of a powder chamber, pump tube, high-pressure section, and launch tube. The powder chamber and pump tube can be used in conjunction with a variety of high-pressure sections and launch tubes having internal diameters ranging from 0. 5 to 1.0 in. An idea of the velocity capability of this launcher as a function of in-gun weight is given in Fig. 1-1 . When particular attention is given to repeating the launch velocity, it has been shown that this can be achieved to an accuracy of ±2 percent, up to velocities on the order of 20, 000 ft/sec.
BLAST AND RANGE TANKS
Both of these tanks are 6-ft-diam cylinders connected by a short spool piece containing a high-vacuum valve which permits the isolation of the two tanks. The blast tank is 12 ft long and has a series of ports along the sides and upper surface which permit the X-ray photography of the model as it leaves the muzzle of the launcher and flies through the blast tank. At the downrange end of this tank is an easily removable thick plate with a 2-in. -diam hole through which the model flies. This plate acts as a stop for the sabot, a restrictor in the flow of muzzle gas into the range, and, finally, minimizes the effect of muzzle flash on the instrumentation in the range tank.
The range tank is 103 ft long and is equipped with six dual-axis shadowgraph stations installed at approximately 15-ft intervals. This system, wholly external to the range tank except for the plastic Fresnel lenses, was designed primarily to photograph the position and attitude of models.
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The vacuum system consists of mechanical roughing pumps, a Roots blower, and an oil diffusion pump. The blast and range tanks have independent pumping systems which facilitate testing at low pressures because the range tank can be kept at a very low pressure (=0. 05 mm Hg) while the launcher is being prepared for the next launching. A pressure on the order of 0, 001 mm Hg has been achieved in the range tank alone with an apparent leak rate of 0.0005 mm Hg/min. This may not be a realistic value for the leak rate because of the relatively short pumpdown time for this particular test, i. e., outgassing may have obscured the actual leak rate.
TEMPERATURE MEASUREMENT
Gas temperature in the range tank is measured with copperconstantan thermocouple probes located at four stations along the length of the range tank. An assessment of the possible errors has indicated that an accuracy of approximately ±0. 5 percent of the absolute temperature (approximately 294°K) is possible with this system.
PRESSURE MEASUREMENT
All gages used to measure pressure in the range tank are connected to a large stainless steel manifold which can be isolated from the range tank and kept under high vacuum when not in use. The valve isolating this manifold from the range tank is opened before a test, and the pressure is monitored on the relevant gages until 15 sec before firing, at which time the valve is closed. With this technique any pressure measuring errors caused by the apparent leak rate are minimized. This problem is of greatest significance at the lower pressures, i. e., below 1. 0 mm Hg. Six pressure gages can be connected to the manifold, and each gage station has a system of vacuum valves whereby the gage can be moved without disturbing the rest of the system. At this time, three gages are used to measure pressure from atmospheric to the order of 0.030 mm Hg: An error in pressure measurement .at low pressures can occur if there is a temperature difference between the pressure transducer and the position where the pressure is sensed. This is the thermal transpiration effect discussed in Ref. 28 . It has been noted that a temperatur< difference between the range and the pressure transducer of 10 a F can occur. If it is assumed that the flow in the sensing tube is in the freemolecule flow regime, such a temperature difference would cause a 1-percent error in the pressure measurement. Since for the present series of tests the flow is closer to the continuum regime, the pressure error caused by this temperature difference can safely be ignored.
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MODEL DETECTION
Each orthogonal shadowgraph station has two detectors, as described below:
1. Shadow detector -With this type, the model passes through a light beam shining from one side of the range onto a phototransistor. The passage of the model through this beam causes an electrical output pulse from the phototransistor which is used to trigger the shadowgraph spark source which, in turn, triggers the station chronograph.
2. Radiation detector -With this detector the naturally occurring model radiation has to be sufficient to be sensed by a phototransistor which then triggers the station spark source.
There are regions of overlap in range operation where either detector will detect a particular model. When it is not absolutely certain which mode of operation will detect a model in a particular test, both detectors are turned on. At this time the shadow mode detector has successfully detected 0. 125-in. -diam spheres up to velocities of 16,000 ft/sec, whereas the radiation detector has successfully detected a 0. 125-in. -diam sphere at 29,000 ft/sec.
VELOCITY MEASURING SYSTEM
Shadowgrams of the model are obtained for each of the six orthogonal shadowgraph stations. The position of the sphere with respect to the local shadowgraph origin, and hence relative to the master axis system, is determined. The timing intervals corresponding to the above distances are measured with chronographs operating off a common, 10-mc time base. At least ten of these chronographs were used on each firing; five were used to measure the single-station interval, and the others were used to measure the time interval for multiplestation intervals. In this way the deleterious effect of a single counter malfunction can be minimized. It has been demonstrated that the existing system has a velocity measuring accuracy of ±0. 03 percent for the range of velocities considered herein. DOCUMENT CONTROL DATA -R&D (Security elate ill cat, on of title, body of attired and indexing annotation matt be »mend urfign If» overall report tm cleetllled) 
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ABSTRACT
The drag coefficients of spheres for Re2 > 10 4 have been measured in the velocity range 3000 < V^ < 21,000 ft/sec with an accuracy of approximately ±1.5 percent. In addition, successful techniques for manufacturing and launching ultralightweight spheres (densities approaching 1 lb/ft 3 ) have resulted in the ability to measure sphere drag coefficient in the velocity range 3000 < Voo < 12,000 ft/sec and Reynolds number range 3 < Re 2 < 10°, with an accuracy of approximately ± 4 percent. This wide range* of operating conditions has made it possible to study the initial departures of sphere drag coefficient from the high Reynolds number, continuum level and also to make measurements at free-stream Knudsen numbers approaching 1. 0. The results of the tests at the low Reynolds numbers are shown to be consistent with the results obtained in other low-density, hypersonic-flow facilities. (U)
